Congenital cytomegalovirus infection can cause a wide variety of symptoms. We report three infants with congenital cytomegalovirus infection presenting with respiratory insufficiency associated with persistent diaphragmatic dysfunction. Congenital cytomegalovirus infection should be considered in the differential diagnosis of neonatal diaphragmatic dysfunction.
Introduction
Congenital cytomegalovirus (CMV) infection can occasionally present with respiratory manifestations such as pneumonitis. 1 In the 1970s, two case reports described infants with congenital CMV infection, respiratory failure and diaphragm dysfunction. 2, 3 Death occurred shortly after birth in both cases. Thereafter, no clinical reports of diaphragm dysfunction in association with congenital CMV infection have been published. Here we report three infants with congenital CMV infection presenting with severe persistent respiratory distress associated with diaphragmatic dysfunction. The long-term survival of these three affected infants is described and their long-term outcome appears to vary significantly compared to the two cases reported previously in the literature.
Case

Patient 1
Patient 1 is a 36-week gestational age Japanese girl, delivered by Cesarean section after pregnancy complicated by fetal magnetic resonance imaging detection of ascites, mild ventriculomegaly and liver calcifications.
Birth and immediate postnatal course. Birth weight was 2116 g (below 10%), length 44.5 cm (below 10%) and head circumference 32.1 cm (25%). Due to respiratory distress, endotracheal intubation was performed and surfactant administered. Physical examination showed diffusely diminished breath sounds and bilateral talipes equinovarus. Petechiae and hepatosplenomegaly were absent. Requirement for supplemental oxygen was reduced with positive pressure ventilation and attempts to reduce ventilatory support failed.
Laboratory and imaging findings. Intrauterine CMV infection was strongly suspected because of positive maternal serum CMV-specific immunoglobulin M antibody during pregnancy and positive amniotic fluid CMV PCR at 29 weeks gestation. Quantitative CMV PCR from the infant's urine 2 days after birth revealed 1 080 000 copies per ml, confirming congenital CMV infection. Hepatic enzymes were remarkable only for elevated g-glutamyl transpeptidase of 1052 IU per 100 ml. Serum bilirubin and platelet count were normal. Brain magnetic resonance imaging showed mild ventriculomegaly, abnormal gyri pattern and periventricular white matter volume loss. Head CT and ultrasound were unremarkable except for ventriculomegaly. Ophthalmologic exam showed no evidence of chorioretinitis. Auditory brain stem response revealed no left ear response at 104 days old. Chest radiograph showed persistent bilateral diaphragm elevation (Figure 1a) . Fluoroscopic examinations day of life 77 and 106, which were performed without ventilatory support, showed paradoxical diaphragm movement bilaterally.
Outcome. At 6 months of age, tracheostomy was performed to facilitate long-term ventilatory support. The neurological examination was remarkable for hypotonia and developmental delay. As of 3 years of age, she was able to stand with support but unable to walk independently. Gradual improvement in her respiratory status occurred and despite persistent mild hypercarbia (pCO 2 51 mm Hg), she now requires ventilatory support only during sleep.
Patient 2
Patient 2 is a Japanese girl born at term by spontaneous vaginal delivery after an uncomplicated pregnancy.
Birth and immediate postnatal course. Birth weight was 3218 g (50 percentile), length was 50.5 cm (50 percentile) and head circumference was 32.4 cm (10 to 25 percentile). Tachypnea and respiratory acidosis developed immediately after delivery. Physical examination showed facial petechiae. There was no hepatosplenomegaly.
Laboratory and imaging findings. Mild thrombocytopenia developed gradually with a nadir in platelet count of 117 Â 10 3 per ml at 21 days of life. Liver function tests were unremarkable. CMV-specific immunoglobulin M antibody was elevated at 11 days of life and urine culture isolated CMV at 45 days old. Head ultrasound revealed no evidence of intracranial bleeding or calcification and head CT was unremarkable. Brain magnetic resonance imaging showed hypodense area bilaterally surrounding the ventricles. Auditory brain stem response showed absent left-sided response. Ophthalmology exam was normal. Chest radiograph revealed persistently elevated right hemidiaphragm ( Figure 1b) . Fluoroscopic exam at 78 days of life showed decreased excursion of the right hemidiaphragm.
Outcome. Supplemental oxygen was administered initially up to a maximum FiO 2 of 30% but was no longer required by 3 months of age, although hypercarbia persisted. At 11 months of age, unexplained fatal cardiac arrest occurred after symptoms of an upper respiratory infection. Autopsy was not performed.
Patient 3
Patient 3 is an African-American girl, born vaginally at 38 weeks gestational age after a pregnancy complicated by maternal cocaine and tobacco abuse.
Birth and immediate postnatal course. Birth weight was 2631 g (10%), length 43.3 cm (below 3%) and head circumference 33.5 cm (25%). Endotracheal intubation was performed in the delivery room due to respiratory distress. Neck and facial petechiae were noted after delivery. There was no hepatosplenomegaly. Respiratory failure persisted and starting from the first day of life, chest radiographs showed low lung volumes and bilateral elevated hemidiaphragms, which was initially attributed to pulmonary hypoplasia from oligohydramnios. Diaphragm dysfunction was eventually suspected because tachypnea, hypoxemia and hypercarbia would typically resolve after 3 to 4 days of positive pressure ventilatory support, but these findings would reproducibly recur and progress to marked hypercarbia (pCO 2 100 to 103 mm Hg) after several days without ventilatory support. Because of persistent respiratory failure and frequent atelectasis, bronchoscopy was performed at 3 months of age, leading to identification of CMV.
Laboratory and imaging findings. Mild thrombocytopenia of 104 Â 10 3 per ml developed at 2 days of life. Chest radiographs showed low lung volumes and bilateral elevated hemidiaphragms (Figure 1c) . CMV was isolated by viral culture from bronchoalveolar lavage fluid, but cell counts were normal, cytology showed no viral inclusions and no endoscopic abnormalities were seen by bronchoscopy. CMV was isolated from blood and urine. Ultrasound at 4 months showed paradoxical motion of the right 
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K Izumi et al hemidiaphragm and mildly impaired excursion of the left hemidiaphragm. Fluoroscopy at 5 months revealed diminished right hemidiaphragm excursion. Congenital CMV infection was verified using CMV PCR from newborn screening dried blood sample obtained at 2 days of life. Patient DNA was eluted from newborn screening sample using a commercially available kit (QIAamp DNA micro kit; Qiagen, Valencia, CA, USA), and the presence of CMV DNA was detected by PCR performed by the clinical laboratory (ViraCor Laboratories, Lee's Summit, MO, USA). Audiology screen, head ultrasound and brain magnetic resonance imaging were unremarkable. Ophthalmologic exam showed no evidence of CMV retinitis. There was no hyperbilirubinemia in the newborn period, but at 7 months of age she developed isolated transaminitis with highest AST of 582U/L and ALT of 836U/L. Liver biopsy performed at 7 months of age showed nonspecific chronic portal inflammation, consistent with CMV infection, but CMV immunostains were negative, and serum transaminases eventually normalized. Electromyogram, nerve conduction studies and genetic testing for myotonic dystrophy were unremarkable.
Outcome. Multiple courses of Gancyclovir (3 weeks as maximum) were administered but positive pressure support continued to be required. There was no response to systemic steroids and at 5 months of age tracheostomy was performed to facilitate the need for long-term positive pressure ventilatory support. By 19 months of age, she had reached normal or near-normal cognitive and social milestones. Despite persistent diffuse hypotonia and ultrasound evidence of impaired diaphragmatic excursion, her motor development improved so that she was able to walk with assistance and was requiring mechanical ventilatory support only during sleep.
Discussion
This report describes three newborns with congenital CMV infection presenting with severe respiratory distress. These cases further support the notion that congenital CMV infection can potentially cause diaphragmatic paralysis, even in the absence of the typical symptoms of congenital CMV infection. Even though patient 1 had intrauterine growth retardation, patient 2 had petechiae and patient 3 had elevated AST and petechiae, none of these infants manifested the usual combination of features typical of symptomatic congenital CMV infection. This finding supports the notion that congenital CMV infection may cause a wider spectrum of symptoms than is usually appreciated. 4 There are only two prior published descriptions of an association between diaphragm hypoplasia and congenital CMV infection. Both reported cases died relatively soon after birth, which differs from the survival course of our patients. 2, 3 Two of the three children here reported survived into infancy, providing an opportunity to observe the long-term consequence of diaphragmatic dysfunction associated with congenital CMV infection. Contemporary respiratory management of the infants in this case report resulted in prolonged survival. When caring for children with unexplained respiratory failure, clinicians need to have a high suspicion for diaphragm dysfunction, or the diagnosis can be missed. The cases reported should alert clinicians to look for evidence of diaphragm dysfunction in patients with congenital CMV and respiratory distress. Cases 1 and 3 described here showed clinical improvement characterized as reduction in the level of required ventilatory support. This should aid clinicians and families when facing the complex decision to offer long-term ventilatory support through tracheostomy.
Because of persistent diaphragm elevation and/or impaired movement that corresponded with ongoing respiratory impairment, and the dramatic response to positive pressure, we reasoned that respiratory impairment was predominantly secondary to diaphragm dysfunction. Lung biopsy was not performed, so it is possible that CMV pneumonitis might have contributed to the respiratory insufficiency, but clinically this was felt to be very unlikely. Further, we cannot distinguish between diaphragmatic paralysis and hypoplasia, because phrenic nerve conduction study and electromyography were not performed. Previous reports from Wayne et al. 2 and Becroft 3 showed diaphragmatic muscle hypoplasia associated with congenital CMV, suggesting that the virus interferes with the development of diaphragm muscle itself rather than phrenic nerve injury. Recent studies show that CMV interferes with neuronal differentiation and migration, 5 which can present as brain malformations including polymicrogyria. 6, 7 Diaphragm muscle cells are derived from cervical myotomes during embryogenesis, thus we might speculate that CMV also potentially disrupts diaphragm myocyte differentiation and/or migration. 8 Diaphragm paralysis in children has most commonly been associated with birth trauma from difficult delivery. Cases 2 and 3 were delivered vaginally, but without complicated delivery or upper brachial palsy, so birth-related phrenic nerve injury seems unlikely. Ventilator-induced diaphragmatic dysfunction, which is a diagnosis of exclusion, might be invoked as plausible explanation for cases 1 and 3, although this seems improbable because the onset of respiratory symptoms preceded the use of mechanical ventilatory support. Further, most of the evidence supporting the existence of ventilator-induced diaphragmatic dysfunction comes from animal models, and controversy exists whether mechanical ventilatory support alone can result in prolonged clinically relevant diaphragmatic dysfunction in humans. [9] [10] [11] Here we summarized the clinical course of three infants with congenital CMV infection and diaphragm dysfunction. Congenital diaphragm dysfunction and hypoplasia are relatively rare and the pathogenesis cannot always be identified. 12 Given the frequency with which asymptomatic congenital CMV infection occurs, it is possible that these cases could simply represent a spurious coincidental finding rather than true causality between the two conditions. However, until further studies deepen the understanding of unexplained congenital diaphragmatic dysfunction, we propose that congenital CMV infection should be added to the list of potential causes. This may allow identification of more such cases of this association.
